This paper reports a kind of biodegradable nanocomposite which can show an excellent shape-memory property in hot water or in an alternating magnetic field with f = 20 kH and H = 6.8 kA m −1 . The nanocomposite is composed of crosslinked poly(ε-caprolactone) (c-PCL) and Fe 3 O 4 nanoparticles. The crosslinking reaction in PCL with linear molecular structure was realized using benzoyl peroxide (BPO) as an initiator. The biocompatible Fe 3 O 4 magnetite nanoparticles with an average size of 10 nm were synthesized according to a chemical coprecipitation method. The initial results from c-PCL showed crosslinking modification had brought about a large enhancement in shape-memory effect for PCL. Then a series of composites made of Fe 3 O 4 nanoparticles and c-PCL were prepared and their morphological properties, mechanical properties, thermodynamic properties and shape-memory effect were investigated in succession. Significantly, the photos of the shape-memory process confirmed the anticipatory magnetically responsive shape-recovery effect of the nanocomposites because inductive heat from Fe 3 O 4 can be utilized to actuate the c-PCL vivification from their frozen temporary shape. All the results imply a very feasible method to fabricate shape-memory PCL-based nanocomposites since just a simple modification is required. Additionally, this modification would endow an excellent shape-memory effect to all other kinds of polymers so that they could broadly serve in various fields, especially in medicine.
Introduction
Shape-memory polymers (SMPs), as a family of smart materials, have been gaining in interest because they have intriguing self-recovery when exposed to an internal stimulus and increasing attention has been paid to their application in medicine in the past few decades [1] [2] [3] [4] . Conventionally, the thermo-responsive recovery of SMPs can be mainly achieved by using heated liquid or gas as an internal stimulus. Also, an electrical stimulus has been employed and enables polyurethane/carbon powders or polyurethane/carbon 1 Author to whom any correspondence should be addressed. nanotube composites to recover their original shape from bending mode when those composites were placed in an electric field of 50 V [5, 6] . For all the SMPs mentioned above, the triggering stimuli were required to keep in direct contact with the SMP specimens without any obstacles. A key challenge is that a safe and effective stimulus is required for shape recovery when SMPs are used as in vivo medical devices with various device geometries.
In recent years, a series of novel and non-contact triggering SMPs have been continuously developed in order to resolve the problem. Kobatake et al [7] reported a lightresponsive SMP with azobenzene chromophores, the shape recovery of which may be created because ultraviolet light and visible light can ignite changes in the configuration of SMP macromolecules. As highlights of this family of light-responsive SMPs, the literature [8] may be perused to obtain a more particular understanding of them. In particular, Mohr [9] and Razzaq [10] prepared magnetismresponsive shape-memory composites from polymers and Fe 3 O 4 magnetite particles with the sizes of nanoscale and microscale, respectively. By changing the parameters of an alternating magnetic field, the polymer/Fe 3 O 4 composites on exposure to the magnetic field could recover their initial shapes, which revealed the potential feasibility for preparing SMPs from other polymers. Moreover, using nickel zinc ferrite as the inductive heating source instead of Fe 3 O 4 magnetite [11] , a third shape-memory composite was likewise cured for application in medical devices. However, the limitation of the composites must be pointed out: that either the matrices or fillers show poor biodegradability and safety which may limit applications in biomedical fields. To date, any research on shape-memory polymers collating biodegradability and smart functions, particularly magnetism sensitivity, have hardly been addressed, to the best of our knowledge.
In order to pursue this collation, work has been done previously by our group.
For example, two of our research works on PLA/HA composites have indicated a perfect correlation between excellent shape-memory effect and biodegradability [12, 13] . Here, we introduce a family of shape-memory composites prepared from biocompatible Fe 3 O 4 nanoparticles as inductive heat source and polymer matrix, i.e. crosslinked poly(ε-caprolactone) (c-PCL). The c-PCL was obtained after benzoyl peroxide (BPO) initiated a crosslinking reaction in thermoplastic PCL. Previous studies showed PCL represents favorable biocompatibility, nontoxicity and drug permeability so that it had been approved for clinical applications by the FDA [14, 15] . Also for Fe 3 O 4 magnetite there is the increasingly convincing potential of serving in MRI and therapeutics [16] [17] [18] . Of all the four components included in the composites, BPO and sodium oleate also reflected their safety in the human body considering their functional role: a bleaching agent of flour and the medication of cholecystitis. The specimens with an appropriate weight ratio of Fe 3 O 4 nanoparticles could recover their original shapes by inductive heating of magnetite particles. The mechanism of inductive heating might be described as Brownian and Néel relaxation losses for nanoscale Fe 3 O 4 powders [9] .
The present study focuses on the effect of BPO content, Fe 3 O 4 powder content and average diameter of particles on the mechanical properties, thermal properties, shape-memory effect, etc. Finally we compare shape recovery obtained by using two different heating stimuli, i.e. hot water and an alternating magnetic field.
Experimental details
Raw PCL was synthesized in our lab as in our previous report [19] . The molecular weight of about 112 000 Da is measured by gel permeation chromatography (GPC). The biocompatible Fe 3 O 4 magnetite nanoparticles with sodium oleate adsorbed on the surface were synthesized by the method of chemical coprecipitation [20] . During preparation of Fe 3 O 4 magnetite nanoparticles, we could control their diameter by using various weight fractions of sodium oleate.
When 2.0-3.0 wt% BPO was employed, the c-PCLs achieved have a favorable shape-recovery effect (R r > 90%) and higher gel content. However, at the same time they have unfavorable tensile strengths and moduli compared to those with less BPO. Based on these results, our research group has selected 2.5 wt% as an optimum weight fraction of BPO to prepare c-PCL/Fe 3 O 4 composites.
The fabrication of crosslinked PCL(c-PCL) and c-PCL/Fe 3 O 4 nanocomposites (c-PCL/Fe 3 O 4 ) can be accomplished as follows. Firstly, the thermoplastic PCL and BPO were dissolved in CH 2 Cl 2 under stirring. Secondly, the mixed PCL/BPO solution was obtained by injecting the BPO solution into the PCL solution in order to ensure a good dispersion of BPO in the PCL matrix. Thirdly, the organic solvent in the mixed solution was volatilized by stirring and then the composites achieved were further dried under vacuum. A series of composites with various weight fractions of BPO-0%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5% and 3.0%-could be prepared with this method.
Based on a previous method [12] , the c-PCL/Fe 3 O 4 composites could be fabricated as follows. Firstly, the PCL/BPO mixed solution should be prearranged as described above. Secondly, dried Fe 3 O 4 powders were ultrasonically dispersed in xylene with the ratio of 1:100 (w/v), which is a key number to prevent the nanoparticles from coagulating, and then the dispersed Fe 3 O 4 was transferred to the PCL/BPO mixed solution in a high-speed homogenizer. Subsequently, a volume of ethanol was slowly dripped into the PCL/BPO/Fe 3 O 4 mixed system by a pipette until an emulsion was obtained because a polymer precipitated in ethanol. Thirdly, the emulsion was continuously stirred for at least 4 h in an obturator so that PCL/BPO could be further uniformly mixed with Fe 3 O 4 nanoparticles, then further stirring in air enabled some floccules to gradually come into being and accumulated at the bottom of the beaker because the solvent slowly evaporated from the emulsion. Fourthly, these floccules were kept under a chemical hood overnight and dried under vacuum for 10 h. Then, PCL/BPO/Fe 3 O 4 composites were obtained. Finally, these completely dried composites were press-molded at 120
• C for 10 min in a mold to prepare the required slices of c-PCL and c-PCL/Fe 3 O 4 .
Transmission electron microscopy (TEM) was employed to analyze the morphology and size of the Fe 3 O 4 nanoparticles at different magnification levels. All the analyses were conducted at 200 kV high voltage, with constant λ = 23.332.The dispersibility of nanoparticles wrapped in the PCL matrix was determined by scanning electron microscopy (SEM, FEI, USA).
A static tensile test was accomplished at the crosshead speed of 5 mm min −1 at room temperature. Prior to the test, dumbbell-shape specimens should be cut from the pressed composite slices. After testing, the Young's modulus E and tensile strength σ b were compared.
A dynamic mechanical test was carried out on a DMA983 analyzer (Du Pont, USA), using a tensile resonant mode at a heating rate of 5
• C min −1 from 30 to 90
• C and at a frequency of 1 Hz. The storage modulus E for a specimen with size 50 mm × 10 mm × 2 mm (length × width × thickness) was tested.
The magnetic property of the resultant Fe 3 O 4 nanoparticles was measured with a vibrating sample magnetometer (VSM, Quantum Design) under the conditions of 300 K, 1000 A m −1 and 16 Hz. The gel fraction estimate can be done by a method like this: all pre-weighed specimens with a weight of m 0 were designed to be immersed and swell in CHCl 3 for 24 h in order to detach the gel from the sol. Then a high-speed centrifuge was employed to gather the gel. During the process, it may be noted that some observable gel agglomerates deposited from the transparent solution in the centrifuge tube. Further, the gel agglomerates were dried under vacuum until the mass of the dried gel, m 1 , can be weighed. Consequently, the gel fraction and sol fraction can be calculated as follows:
In this study, shape recovery would be stimulated both by hot water and by an alternating magnetic field. For this, all strip specimens were first cut from press-molded slices and they have the same dimensions of about 30 mm × 5 mm × 0.2 mm (length × width × thickness). When heated by hot water: firstly, the initial length must be noted, L 0 . Secondly, the strip specimens were heated for 1 min so that they soften, followed by a slow stretch imposed by using a couple of clamps to get a temporary shape length of L 1 . Thirdly, the temporary shape was frozen in a 0
• C icewater mixture for 1 min. Fourthly, the shape recovery promptly happened when the specimens responds to 55
• C water again until a steady length value, L 2 , can be noted. Finally, the shaperecovery ratio R r can be determined as follows:
When heated by an alternating magnetic field: a magnetic field generator (Duolin Company, Chengdu, China) was employed to yield an alternating magnetic field which then supplied inductive heating for shape recovery of c-PCL/Fe 3 O 4 composites. The whole equipment consists of two parts: the frequency generator and the water-cooled copper coil. The frequency generator can supply f = 20 kH frequency and the coil is of 40 mm in diameter and five loops. During estimating the shape-memory effect, a specimen with a helicoidal temporary shape was placed in the center of the copper coil so that the magnetic field can pass vertically through it, and then the current was applied to the coil and changed by tuning the power output until the magnetic field strength H was 6.8 kA m −1 . From then on, the recovery time was immediately noted and the recovery process was tracked by taking continuous photos. (440) and (533), which imply that the Fe 3 O 4 particles have a cubic crystal structure. The result is consistent with the previous literature [21] . The size distribution inset ( figure 1(c) ) shows that the near-spherical Fe 3 O 4 nanoparticles have a narrow particle size distribution and an average diameter value of 10 nm. As shown in figure 1(d) , the magnetism test shows that the Fe 3 O 4 nanoparticles have perfect superparamagnetism.
Results and discussion
Two composites with 5 and 25 wt% Fe 3 O 4 were refrigerated for 30 min in liquid nitrogen and were subjected to brittle fracture so that cross sections were required for morphology analysis. , where I stands for the BPO molar value unit polymer mass, S stands for the sol fraction extracted, α stands for a constant, q 0 stands for the crosslinking factor and X n stands for the polymerization degree of raw PCL.
be observed with the increase in nanoparticles. However, the two composites exhibited a close contact of nanoparticles with the polymer matrix because a little amount of sodium oleate absorbed on the surface of the nanoparticles can act as a bridge between the two phases. Thus, sodium oleate could have a positive effect on the shape-memory property. Table 1 summarizes the thermal properties of the composites. It may be found that there is a successive increase in peak melting temperature (T m ), crystallization temperature (T c ) and glass-transition temperature (T g ) with an increase in Fe 3 O 4 content. A similar result could also be found elsewhere [22] . However, the successive increase did not happen for the endothermic and exothermic enthalpy, i.e.
H m and H c at all times. All the results may correspond to the interaction between c-PCL molecules and nanoparticles as well as the crosslinking structure of the c-PCL matrix because crosslinking points can restrict the micro-Brownian motion of polymer segments.
From figure 3(a) , the gel fraction in c-PCL represents a monotonic increase with increasing BPO content. In particular, up to 68% gel fraction has been achieved when 3 wt% BPO was employed. In order to further explain the effect of BPO content Table 1 . DSC data for a series of composites. figure 3(b) . All the calculated values were obtained by putting experimental values into a traditional formula, the Chen-Liu-Tang formula. Basically, all the calculated values tend to quasi-linearity and this supports the adaptability of the Chen-Liu-Tang formula in describing the crosslinking reaction in our study. In principle, degradation can also occur as a side reaction when the chemical crosslinking reaction is occurring in the polymers, and the efficiency of crosslinking was determined by the priority of crosslinking in contrast. To date, there are two theoretical formulae which may describe the priority: the Charlesby-Pinner relationship and the Chen-Liu-Tang relationship. And the adaptability of both relationships is determined by the molecular structure of the oligomers in the crosslinking reaction and the activation level of the molecules: the calculated values for rigid polymers with higher glass-transition temperature and hindrance factor of internal rotation would have the Charlesby-Pinner linear tendency and the values for flexible chain polymers have the Chen-Liu-Tang linear tendency. The linear behavior of the calculated values in this study might also be confirmed by the egregious flexibility of PCL. In contrast, Zhu et al reported the Charlesby-Pinner linearity for both pure PCL [23] and PCL/PMVS blends [24] instead of the Chen-Liu-Tang relationship when they designed the crosslinking reaction in polymers by virtue of Co 60 -γ radiation. The explanation for the difference in linearity was linked to the different crosslinking methods, radiant and chemical. In our study, the oligomer of c-PCL is first melted and this can facilitate micro-Brownian motion of the PCL molecules so that more crosslinking and less degradation reaction takes place.
In its mechanism, the shape-memory effect for polymers or polymer-based composites was related to a phase transition when the materials were heated. Until now, most researchers investigated the shape-memory phenomena which result from the glass transition of polymers. In this study, the PCL with T g of −60
• C means this polymer has already been in a rubbery state at room temperature so that T g cannot be designed as the shape-recovery temperature. However a second phase transition, melting and crystallization may be considered to yield shape recovery. Because the phase-transition temperature is a temperature zone near the peak melting temperature T m , shape recovery could be realized in the whole zone. In this view, hot water of 55 • C was selected to stimulate shape recovery according to the DSC result (table 1) and the shaperecovery ratio R r is shown in figure 4(a) . It is shown that a large improvement in shape recovery was obtained after raw PCL was modified with BPO. The R r of raw PCL is only about 20%, but it increases rapidly until 95% when 1.5 wt% BPO was added. If further BPO was added, a stable R r value of about 95% follows. Figure 4 (b) shows the change of gel fraction with Fe 3 O 4 content and the change in shape-recovery ratio with Fe 3 O 4 content. They nearly have the same decreasing monotonic effect with the increase in Fe 3 O 4 content. Considering the shape-memory property comes from entropy elasticity of the polymer, we relate the same trend to the three-dimensional molecular structure of c-PCL.
When a load was employed, polymer molecules would tend to decrease entropy and so the coil-stretch transition for molecular chains would appear. At the same time, the sliding of molecular chains would also happen. Because this sliding would lead to energy consumption and crosslinking bonds could restrict the sliding, there was more energy storage in thermoset polymers than in thermoplastic polymers. So in our study, when a temporary shape was prepared, the crosslinking bonds in c-PCL play a positive role to store more energy which can be finally frozen in the temporary shape. Upon reheating, the molecules would coil due to entropy spontaneously increasing and the energy stored was released, so the polymer represents more macroscopical shrinkage. However, the random coiling of c-PCL molecules can be restrained by rigid obstacles, if they were used, when shaperecovery attempts occur.
In order to help to explain the effect of Fe 3 O 4 on gel fraction, a crosslinking mechanism similar to previous research [25] was described as follows: the BPO decomposes to free radicals when heated, and then the radicals attack the polymer molecule chains, converting them to free radical chains. Finally a chemical crosslinking network in the PCL matrix came into being since the free radical chains can further react with each other. Based on this principle, the deceasing gel fraction in this study can possibly find its explanation according to the previous literature [26] . Two facts may be involved: firstly, the radicals and free radical chains are caught by Fe 3 O 4 due to sodium oleate on the surface and the surface bonding potential of nanoparticles; secondly, rigid particles work as obstacles which could hinder the proximity motion of radicals and free radical chains (see figure 4(c) ). As expected, the influence of gel fraction on shape-memory effect is in accord with the literature [26] .
As an essential parameter, shape-recovery speed is illustrated in figure 4(d) . An amazing recovery speed may be observed in the first 5 s since the specimens respond to an ambient temperature of 55
• C, and in particular the speed of the specimen without Fe 3 O 4 is fastest compared with the others. It is significant for doctors to solve a challenge with shapememory blood vessel stents because a reasonable recovery time for the stents should be below a minute according to other research [27] . With more Fe 3 O 4 added, the R r of the specimens decreases from about 97 to 20% in the first 5 s, and then has basically arrived at the recovery balances in the 50th second when the speed nearly comes to zero. According to a similar result [28] , increasing T m , decreasing gel fraction and hindering of rigid nanoparticles to the motion of polymer molecules may be used to explain the varied recovery speeds. Another comparable recovery speed was also noted in previous research on the Si-O-Si crosslinked hybrid polyurethanes and the result was mainly ascribed to a sharp change in storage modulus below and above the shape-recovery temperature [29] . The sharp change resulting from the decreasing gel fraction in nature was referred to in the dynamic mechanical analysis (DMA). Actually, the difference in heat capacities may also be considered as a fourth factor because varied amounts of Fe 3 O 4 were included in the composites.
From the foregoing statement, Fe 3 O 4 nanoparticles may affect the crosslinking reaction during preparation of the c-PCL. In this view, the size of Fe 3 O 4 nanoparticles was also considered as a factor affecting the gel fraction of the polymer and composites. Figure 5 shows the effect of nanoparticle a sizes on gel fraction and thus R r . In the figure, a decreasing R r may be observed with the increase in nanoparticle sizes. However, the extracted fraction representing a contrary trend to gel fraction suggests nanoparticle sizes would reduce the fraction of the gel in polymer matrices. Considering the same trend of R r and gel fraction, it can be inferred that the decrease in R r is related to the decrease in gel fraction. Figure 6 shows the effect of BPO content and Fe 3 O 4 nanoparticle content on mechanical properties, i.e. elastic modulus E and tensile strength σ b . Figures 6(a) and (b) show σ b firstly undergoes a gradual increase when BPO ranges from 0 to 1.0 wt%, followed by an immediate decline when 1.0-3.0 wt% BPO was employed. For E, it is obviously seen that a monotonic decrease is observed within the whole BPO range from 0 to 3.0 wt%. A reasonable explanation for the result may be located in the deceasing crystallinity and increasing crosslinking degree.
Figures 6(c) and (d) show that E and σ b of the c-PCL/Fe 3 O 4 have the same behavior when Fe 3 O 4 ranges from 0 to 25 wt%. They experience a decrease at first for 0-10 wt% where the minimum of E and σ b can be obtained, and then a increase is followed from 10 to 25 wt%. This result may be attributed to three factors: crosslinking degree, crystallinity of c-PCL and nanoparticles. In general, the crystallization of the polymer matrix can improve the modulus and tensile strength of composites, and the presence of crosslinking points and rigid nanoparticles can hasten the crystallization owing to their role as crystallization nuclei. In particular, nanoparticles exhibit a particular 'nanoreinforcing' effect because of the large specific surface area of nanoparticles. In this view, the Fe 3 O 4 nanoparticles should improve the mechanical properties of composites. In this study, however, nanoparticles haven't always played a positive role in improving the mechanical properties of c-PCL. For the composites with 5-10 wt% Fe 3 O 4 , the composites show lower σ b and E values than c-PCL, which results from the deconstructive effect of the surfactant on Fe 3 O 4 nanoparticles as flaws and a plasticization agent. This unfavorable effect can also do harm to the bending strength and modulus in other cases [30, 31] . Moreover, another analogy had also been observed by Fujihara et al when they studied GBR (guided bone regeneration) membranes made from PCL/CaCO 3 nanocomposites with just 5-10 wt% fillers [32] . When Fe 3 O 4 fillers exceeded 10 wt%, more sufficient nanoparticle networks have been formed in c-PCL, restricting motion of c-PCL macromolecules and thus consuming more energy. As a result, the nanoparticle networks as a chief factor have enhanced E and σ b and other secondary factors may be neglected.
The DMA of c-PCL and c-PCL/Fe 3 O 4 have already been carried out as mentioned in the characterization. As shown in figure 7, all the three specimens have a phase-transition temperature zone of about 40
• C. In fact this corresponds to the melting temperature zone of c-PCL where a dramatic change in E has taken place. This is necessary for shapememory polymers. Taking the example of c-PCL, an E below 40
• C firstly experiences a plateau (>600 MPa) and then a fall up to three orders of magnitude during the temperature range of 40-80
• C. After this temperature, E comes to a new modulus plain of about 0.5 MPa. Such a large difference for E is proven to have an immense contribution to an excellent shape-memory effect. Other specimens have a similar test behavior to c-PCL, but the gaps in modulus values within the melting temperature zone become increasingly smaller with more Fe 3 O 4 introduced. The smaller gaps in modulus values are related to the decreasing elasticity for three specimens and thus can be essentially attributed to decreasing gel fraction, as shown in figure 4 (b) according to previous research [33] . In this paper, researchers even reported DMA results of radiationcrosslinked PCL/PMVS (polymethylvinylsiloxane) blends: an abrupt decrease of up to 3-4 orders of magnitude in E had been detected due to the melting of crystalline PCL and these authors explained the positive effect of gel fraction on storage modulus with the elastic theory of rubber. Thereby, it is convincing that the appearance and increment of Fe 3 O 4 have a negative impact on the storage modulus and in turn R r , as illustrated in figure 4(b) . In addition, the variation between the tensile and storage modulus should be noted: the tensile modulus of c-PCL and the 5 wt% composite is about 50% lower than their corresponding counterparts; however, the number goes up to 80% for 25 wt% composite. An analog was also found by Liu et al [34] and attributed to a different elastic response of the SMP materials resulting from different loading conditions. Figure 8 gives photos of the shape-recovery process in both hot water and an alternating magnetic field to obtain an intuitive contrast. It may be observed that both hot water and magnetic nanoparticles can stimulate shape recovery of the helicoidal c-PCL/Fe 3 O 4 specimen. In nature, the shapememory property of nanoparticle-loaded composites comes from their polymer matrix, c-PCL, because it possesses excellent entropic elasticity when heated. Assuming Fe 3 O 4 nanoparticles were not used, the c-PCL can exhibit its shapememory property only depending on ambient heat, e.g. hot water. However, when the magnetic nanoparticles were added into the c-PCL, inductive heating can be obtained in an alternating magnetic field because Brownian and Néel relaxation losses of Fe 3 O 4 can be transferred into heat. So the shape recovery of c-PCL/Fe 3 O 4 can be observed when hot water has been replaced.
For the recovery in hot water, the helicoidal c-PCL/Fe 3 O 4 specimen needed about 30 s to return to its initial shape, which is somewhat different from the stretching-recoiling shown in figure 4(d) . However, the recovery time was up to 130 s when the same specimen was inductively heated in the alternating magnetic field. Thus, this illustrates the c-PCL/Fe 3 O 4 composite has better reactivity to hot water than to an alternating magnetic field under the conditions employed.
The faster recovery speed might be explained by slower heat loss and faster thermal transfer in hot water than in an alternating magnetic field. In order to obtain a faster recovery speed, some measures may be taken including increasing the frequency and employing a heat shield for specimens when inductively heated.
Conclusions
In summary, a feasible and versatile method to prepare shapememory composites with thermo-and magnetic sensitivity has been reported. In the primary part of the study, we succeeded in improving the shape-memory effect of PCL just by means of a crosslinking modification. The result showed that the shaperecovery ratio of PCL was improved by more than 70%, from about 20% for raw PCL to 95% for crosslinked PCL after modification. This suggested that this modification method may be fitted to modify other polymers in principle. A series of crosslinked PCL-based nanocomposites has been prepared and then follow-up thermal properties, mechanical properties and the shape-memory effect have been investigated to analyze the effect of BPO content and Fe 3 O 4 content on all c-PCL/Fe 3 O 4 composites. Further studies on the magnetically responsive shape-recovery effect of c-PCL/Fe 3 O 4 composites had been accomplished. Fe 3 O 4 nanoparticles were utilized to yield inductive heating, actuating the composites' reactivation from their temporary shape which had been fixed in an ice-water mixture. The result was shown in the form of photos of the shape-memory process when the composites were exposed to hot water and an alternating magnetic field of f = 20 kHz and H = 6.8 kA m −1 , respectively. All the studies showed the promising potential application of c-PCL/Fe 3 O 4 shapememory composites in biomedicine, for instance blood vessel, catheter stents, surgical suture, carrying materials for drug delivery and so on. The chief challenge is to achieve a reasonable recovery temperature near to 37
• C. Some attempts may be made to tailor the recovery temperature, e.g. blending other polymers with lower melting points. Of course, the biodegradation behaviors of c-PCL and c-PCL/Fe 3 O 4 also need to be studied in detail.
